Background Endothelial dysfunction and abnormal vascular responsiveness to vasoconstrictors may play an important role in chronic heart failure (CHF). The purpose of our study was to (1) evaluate whether the vascular response to norepinephrine is abnormal in a rat model of heart failure; (2) investigate the role of a1-and a2-adrenergic receptors; and (3) assess the contribution of the endothelium, and specifically endothelium-derived nitric oxide, to this response.
Methods and Results Concentration-response curves of rat thoracic aortic rings were studied in isolated organ baths at 1 week after coronary artery ligation. In CHF rats, norepinephrine-induced contractions were increased in intact rings compared with rings from sham rats, despite decreased contraction in denuded rings. Decreased a,-receptor sensitivity was demonstrated by the increased EC50 of methoxamine in endotheliumdenuded rings from CHF rats, although maximal responses to E ndothelial dysfunction and abnormal vascular responsiveness to vasoconstrictors may play an important role in the maintenance and progression of chronic heart failure (CHF). Many studies have demonstrated that endothelial dysfunction is evident in severe heart failure, usually as assessed by impaired relaxation responses to acetylcholine.1-'2 Endogenous catecholamines such as norepinephrine can act as potent vasoconstrictors, and plasma norepinephrine levels are elevated in CHF patients13 and correlate with increased mortality.14 Abnormal vascular responses to norepinephrine in the ventricular overdrivepacing dog model'5-'7 of heart failure have been noted, although the results have been inconsistent and the mechanism remains unclear.
Heart failure due to coronary artery ligation in rats is a well-established animal model that not only has provided significant information about the pathophysiology of CHF but also has predicted the beneficial effects of angiotensin-converting enzyme inhibitor therapy18"19 on ventricular enlargement20 and survival21"22 in patients. We have previously shown that endothelial dysfunction, as assessed by stimulated release of endothelium-derived relaxing factor (EDRF), develops through time in rats with heart failure, despite pre-served responses to the endothelium-independent relaxing agent nitroprusside.12 Acetylcholine-induced relaxation was normal at 1 week after myocardial infarction, but severe dysfunction was evident at 4 weeks. Preliminary experiments suggested that increased vasoconstriction to norepinephrine in vascular rings with endothelium was present in this rat model of heart failure at 1 week after myocardial infarction, despite decreased vasoconstriction in rings without endothelium. Therefore, the purpose of our study was to (1) evaluate whether the vascular response to norepinephrine is abnormal in this rat model of heart failure using vascular ring segments from the thoracic aorta in isolated organ bath experiments; (2) investigate the role of the vascular a1-and a2-adrenergic receptors; and (3) assess the contribution of the endothelium, and specifically endothelium-derived nitric oxide, to this response through the use of the specific nitric oxide synthase inhibitor N\-nitro-L-arginine methyl ester (L-NAME) in functional studies and through measurement of vascular intracellular cGMP.
Methods Myocardial Infarction and Selection Procedure
Thirteen-week-old, male Wistar rats were randomly selected to undergo coronary artery ligation or sham operation by a technique previously described. 23 In brief, the rats were anesthetized with ether, and a left thoracotomy was performed. Through gentle pressure applied to the right hemithorax, the heart was exteriorized, and a ligature was placed around the proximal left coronary artery. This silk suture was tied securely in the rats randomized to coronary artery ligation but was pulled through in the sham-operated animals. The heart was rapidly replaced, and the thorax was closed. More than 100 rats underwent coronary artery ligation, and within the first 48 hours after this procedure, 62% of the ligated and 100% of the sham-operated animals survived. The rats were housed in clear plastic cages with free access to normal rat chow and water and handled according to the "Position of the American Heart Association on Research Animal Use" adopted November 11, 1984 , by the American Heart Association.
At least 3 days after the coronary ligation or sham procedure and 3 days before isolated organ bath studies, the rats underwent catheterization. Under ether anesthesia, a microtip pressure-transducing catheter (2F, model SPC 320, Millar Instruments Inc, Houston, Tex) was introduced into the thoracic aorta via the right carotid artery, in which arterial blood pressure and heart rate tracings were obtained. The constricting effect of nonselective a-adrenergic receptor stimulation was evaluated by adding cumulative doses of norepinephrine from 10-10 to 10-4 mol/L. Concentrationresponse curves were constructed, and the concentration of norepinephrine exhibiting 50% maximal contraction (EC50), as determined by logarithmic curve-fitting equations, and the maximal tension were calculated. The modulating effect of the endothelium on the vascular response to norepinephrine was assessed by calculating the ratio of the maximal tension in a ring with endothelium to the maximal contraction in the matching ring without endothelium (norepinephrine ratio) for each rat. At the end of one series of experiments, the a2-adrenergic receptor antagonist yohimbine hydrochloride (Sigma; 10-5 mol/L) was also administered before the generation of norepinephrine concentration-response curves. The effects of specific a,-adrenergic receptor stimulation with methoxamine hydrochloride (Sigma) were also investigated at concentrations ranging from 3 x 10-8 to 10-3 mol/L. EC50s and the methoxamine ratio (the ratio of the maximal tension in a ring with endothelium to the maximal contraction in the matching ring without endothelium) were calculated. In some rings, potassium chloride (Fluka Chemical; 1 to 60 mmol/L) concentration-response curves were also obtained to directly assess the contractile apparatus.
Clonidine hydrochloride (Sigma; 10`to 10-4 mol/L) was administered after precontraction with methoxamine to assess the response of rings with and without endothelium to a2-adrenergic receptor stimulation. The precontraction with methoxamine was maximal in some rings, whereas in others, the contraction-induced tension was matched between rings from heart failure and sham-operated rats. Concentrationresponse curves, the maximal relaxation (expressed as a percentage of the initial contraction), and IC50s (the concentration producing 50% of the maximal relaxation) were generated.
To verify the findings from our previous study,12 norepinephrine (3 x 10`to 1 x 10`mol/L) was administered to the rings in a concentration that would obtain a stable contraction and approximate the developed tension of the matching control. In rings with intact endothelium, acetylcholine concentrationresponse curves were then generated by adding cumulative doses of acetylcholine (10`to 10`4 mol/L). The ECQ of acetylcholine and the maximal relaxation were measured. On rings in which the endothelium had been mechanically removed, cumulative concentrations of sodium nitroprusside from 10-10 to 10-5 mol/L were given, and the EC50 and the maximal relaxation were measured. At the end of one series of experiments, the effect of nitric oxide synthase inhibition was assessed by adding L-NAME (synthesized at F. Hoffmann-LaRoche Ltd, Basel, Switzerland; 3 x 10-5 mol/L) to the aortic rings at rest and incubating for at least 10 minutes. Subsequently, concentration-response curves with norepinephrine (10-1°to 10`mol/L) and methoxamine (3 x 10`8 to 10-3 mol/L) were obtained; EC5s and the ratio of the maximal tension in a ring with endothelium to the maximal contraction in the matching ring without endothelium were calculated and compared with the responses in the absence of L-NAME.
cGMP Assays
Fresh thoracic aortic segments ('z'5 to 10 mg) with and without endothelium were incubated for at least 60 minutes in isolated organ baths with Krebs-Henseleit solution and gassed with a 95% 02/5% CO2 mixture. The aortas were then removed from the organ baths and immediately frozen in liquid nitrogen and stored at -80°C until the time of assay. Aortas were homogenized for 60 seconds (Potter S Homogenizer; B Braun, Melsungen AG, Germany) in 1 mL 6% trichloroacetic acid and then sonicated for 10 seconds. All samples were then centrifuged at 2500g for 15 minutes at 4°C. The protein pellet was saved for protein determinations, and the supermatant was extracted with 3 volumes of watersaturated diethyl ether. The ether phase was discarded, and the samples were evaporated to dryness at 50°C under a vacuum with a Vortex-Evaporator (Haake Buchler Instruments, Fairfield, NJ) for subsequent use in the cGMP assay.
The cGMP content of the vessels with and without endothelium was determined with a commercially available kit in the heart failure rats was 42+1%, and there was no evidence of infarction in the sham-operated animals. Vascular Responses to Norepinephrine The contractile response of the vascular smooth muscle to norepinephrine and the modulating effect of the endothelium were investigated in heart failure and sham-operated control rats (Fig 1A) . In rings without endothelium, the maximal contraction to norepinephrine was decreased by 32%, whereas the EC50 was markedly higher (Table 2) in the heart failure group than in controls. In rings with endothelium, the maximal contraction to norepinephrine was increased by 42% in heart failure rats compared with controls, but the EC50 was not significantly different ( Table 2 ). The relative contribution of the endothelium in this abnormal vascular response to norepinephrine was assessed in each rat by calculating the ratio of the maximal contraction in a ring with endothelium to the maximal contraction in a ring without endothelium, the norepinephrine ratio. In control rats, the norepinephrine ratio was <0.4, demonstrating the normal modulating effect of the endothelium on the contraction to norepinephrine. The ratio was significantly higher in heart failure rats than in controls (sham, 0.39+0.05; CHF, 0.83+0.05; P=.0001), suggesting a decreased modulating effect of the endothelium in the CHF rats.
Role of a-lAdrenergic Receptors
The role of a1-adrenergic receptors in the abnormal contractile response to norepinephrine was investigated with methoxamine, an a1-adrenergic receptor agonist (Fig 2A) . In rings without endothelium, the maximal contraction to methoxamine was decreased in heart failure rats, and the EC50 was significantly greater in the heart failure group (Table 2 ) than in controls. Despite this marked impairment in vascular smooth muscle responsiveness to a1-adrenergic receptor stimulation, the methoxamine concentration-response curves of heart failure and sham-operated control rings with endothelium were nearly identical. The maximal contraction to methoxamine was similar in heart failure rats and controls, and the EC50s were also similar ( Table 2 ).
The relative contribution of the endothelium in this abnormal vascular response to methoxamine was also assessed in each rat by calculating the methoxamine ratio, the ratio of the maximal contraction in a ring with endothelium to the maximal contraction in a ring without endothelium. This ratio was significantly higher in heart failure rats than in controls (sham, 0.43+±0.03; CHF, 0.62+0.05; P=.001), suggesting a decreased modulating effect of the endothelium on the methoxamineinduced contraction in CHF rats.
Role of a2-Adrenergic Receptors
The role of a2-adrenergic receptors in the abnormal vascular response to norepinephrine was first assessed by norepinephrine concentration-response curves in aortic rings pretreated with the a2-adrenergic receptor antagonist yohimbine (Table 3) . Paired comparisons of norepinephrine responses in the presence and the absence of yohimbine within the same rings were performed for both the heart failure and sham-operated groups. In the sham-operated rats, yohimbine had a minimal effect on the maximal contraction of rings with endothelium, although it significantly decreased the maximal contraction induced by norepinephrine in denuded rings to a level similar to that observed in the heart failure group. The EC50s in rings with and without endothelium were increased, but the norepinephrine ratio was not significantly changed by yohimbine. In the heart failure group, maximal contractile responses were decreased, whereas the EC50s were increased, in rings both with and without endothelium. The norepinephrine ratio was significantly decreased in heart failure rats by yohimbine. Comparisons between the two groups of rats were also performed with an unpaired t test, which demonstrated a trend toward increased contraction in rings with endothelium (P=.08) but no difference in rings without endothelium (P=.77) from the heart failure group compared with the sham-operated rats. The EC50s in rings with endothelium were identical, although the heart failure group had significantly lower EC50s in denuded rings than controls (P<.001).
The norepinephrine ratio continued to be increased in the heart failure group as well (P=.048).
The role of a2-adrenergic receptors in the abnormal vascular response to norepinephrine was also assessed by relaxation concentration-response curves to the a2-adrenergic receptor agonist clonidine. Clonidine was administered in rings with and without endothelium precontracted with methoxamine to matching levels of tension. Clonidine caused no significant relaxation in rings with or without endothelium and was not different between heart failure and sham-operated groups.
Status of Contractile Apparatus
To assess the status of the contractile apparatus independent of receptor-mediated stimulation, cumulative doses of potassium chloride were administered (Fig  3) . Significantly decreased maximal contractions were evident in rings both with and without endothelium in heart failure rats compared with sham-operated controls (Table 2 ). There were no significant differences between the EC50s of rings from heart failure and sham-operated rats.
Role of Nitric Oxide
Concentration-response curves obtained in aortic rings with endothelium demonstrated no difference in acetylcholine-induced relaxation; the EC50 and the maximal relaxation expressed as a percentage of the initial contraction were not significantly different in the heart failure compared with the control group ( Table 2) . Aortic rings without endothelium from heart failure and sham rats were exposed to cumulative concentrations of sodium nitroprusside to investigate endothelium-independent relaxation. The concentration-response curves for the heart failure rats were not different from the control curves, nor was the sodium nitroprusside EC50 or maximal relaxation response different between heart failure and sham rats ( Table 2) .
The nitric oxide synthase inhibitor L-NAME was added to the organ baths of rings with and without endothelium from heart failure and sham-operated rats, and norepinephrine ( Fig 1B) and methoxamine (Fig 2B) concentration-response curves were generated. L-NAME did not affect the response to norepinephrine in rings without endothelium. However, in intact rings, the attenuating effect of the endothelium on norepinephrine-induced contraction was almost completely eliminated by L-NAME. Maximal contractions from the sham-operated and heart failure groups approached those in the respective rings without endothelium, such that the norepinephrine ratio in the presence of L-NAME was 0.98±0.05 in the sham group and 1.01±0.02 in the heart failure group (P=.52).
The responses to methoxamine in the presence of L-NAME were similar; there was no effect on the contraction in rings without endothelium. In rings with endothelium, the maximal contraction was almost identical to that in denuded vessels in each group, and the methoxamine ratio in the presence of L-NAME was 0.99±0.03 in the sham group and 0.98±0.02 in the heart failure group (P=.93). Thus, L-NAME eliminated the attenuating effect of the endothelium on maximal contractions to both norepinephrine and methoxamine, although there was still a mild rightward shift in the EQo in intact rings from sham-operated rats that was not inhibited by L-NAME.
The basal release of nitric oxide was also assessed biochemically by determination of cGMP content in aortic segments with and without endothelium from heart failure and sham-operated rats (Fig 4) . In segments without endothelium, there was no significant difference between the cGMP content of the vessels from the two groups. However, there was a marked decrease in cGMP content of aortas with endothelium from rats with heart failure compared with those from sham-operated rats. The amount of additional cGMP stimulation induced by the endothelium in heart failure rats was only 32% of the controls (sham, 145 ±29 versus CHF, 47+ 18; P=.019), providing further evidence for a marked decrease in the basal release of nitric oxide in heart failure.
Discussion
The present study in rats with heart failure shows that there is a marked increase in vascular responsiveness to norepinephrine in intact vessels and that this increased vasoconstriction is endothelium dependent. Abnormal function of the contractile apparatus, as assessed by maximal contraction to potassium chloride, and decreased sensitivity of a1-receptors contribute to reduced vasoconstriction in vascular rings without endothelium. In rings with endothelium, however, abnormal endothelial modulation of the vascular response to norepinephrine is evident at 1 week after myocardial infarction, with increased maximal tension in intact rings. This abnormal responsiveness in rats with heart failure is the result of decreased basal release of nitric oxide, despite normal relaxation to acetylcholine and sodium nitroprusside.
CHF secondary to coronary artery ligation in the rat has been one of the most useful models in elucidating the pathophysiology of heart failure and was instrumental in evaluating the effectiveness of angiotensin-converting enzyme inhibitors in prolonging survival.19,21'22 The predictive power of this model may be because it produces pathophysiological alterations similar to those seen in the most common contemporary cause of heart failure in humans, namely, ischemic heart disease. 26 The presence of heart failure, "the pathophysiologic state in which an abnormality of cardiac function is responsible for failure of the heart to pump blood at a rate commensurate with the requirements of the metabolizing tissues, or to do so only from an elevated filling pressure,"27 was demonstrated by the markedly increased left ventricular end-diastolic pressure during selection of the rats and was supported by the decreased blood pressure and myocardial contractility. These hemodynamic abnormalities were associated with increases in left and right ventricular masses, which corresponds to findings of previous studies. 23 The absence of any confounding diseases, such as atherosclerosis, hypercholesterolemia, diabetes mellitus, or hypertension, in this model of segmental myocardial damage provides an opportunity to investigate the vascular response to heart failure independently. The dramatic alterations in neurohumoral factors in heart failure have received increasing attention as their relation to the severity of heart failure28 and prognosis29 has been recognized. The interaction between these neurohumoral alterations and myocardial adrenergic receptors has been extensively studied,30-34 although alterations in the peripheral adrenergic receptors have been less well characterized.
In our study, the vascular smooth muscle from rats with heart failure had markedly decreased maximal responses to norepinephrine. It is known that vascular smooth muscle cells have both a1 and a2 postjunctional adrenergic receptors35-38 that mediate vasoconstriction,39 and one study in the dog ventricular pacing model16 suggests that increased a1-adrenergic receptor mechanisms are involved in the vascular smooth muscle response to heart failure. In the present study, however, there was not only a marked decrease in the norepinephrine-induced contraction in rings from rats with heart failure but also decreased contraction in response to both methoxamine and potassium chloride. The increased ECs0 for the selective agonist methoxamine suggests a reduced sensitivity of the a1-adrenergic receptors in rats with heart failure. Although the maximal contraction was decreased in response to both norepinephrine and methoxamine, we cannot conclude that there are a reduced number of receptors, since the decreased responsiveness to potassium chloride is suggestive of an abnormality in the contractile apparatus itself and makes evaluation of receptor number on the basis of maximal contraction unreliable.
In intact aortic rings from rats with heart failure, marked increases in the maximal contraction to norepinephrine were demonstrated despite the decreased responsiveness of endothelium-denuded vessels in our study, although there were no changes in the EC50. In studies of the dorsal pedal artery from dogs with pacing-induced heart failure,15-17 the maximal response to norepinephrine in intact rings was also markedly increased over controls, but in contrast to this study, lower EC50s were also observed. However, in coronary arteries in the same dog model,40 the maximal tension induced by norepinephrine was markedly reduced. These findings suggest that there may be regional differences in the vascular response to heart failure, although the exact mechanism of this differential response is unknown.
Our study demonstrates that this increased responsiveness to norepinephrine in heart failure is endothelium dependent. The ratio of the maximal contractile response in intact to denuded rings was markedly increased in response to norepinephrine, suggesting that the increased maximal tension of the rings with endothelium was caused by either pronounced decreases in the normal attenuating effect of the endothelium or by secretion of vasoconstricting factors by the endothelium, or both.
There are many possible mechanisms by which norepinephrine responses may be increased in vessels with endothelium from rats with heart failure, including (1) increased overall vasoconstrictor effect of norepinephrine, probably via an a1-adrenergic receptor pathway; (2) downregulation of vasodilating endothelium a2-adrenergic receptors; (3) a generalized defect in either the stimulated or basal EDRF pathway; or (4) endothelial secretion of a vasoconstricting factor.
The first possible mechanism, an increase in vascular smooth muscle sensitivity to the vasoconstricting effects of norepinephrine, is argued against not only by the increased norepinephrine ratio, but also by a 32% decrease in the maximal contraction in rings without endothelium from rats with heart failure. These results are supported by the findings with the a,-specific agonist methoxamine, which also produced a 34% decrease in the maximal contraction in denuded rings from heart failure rats over that in controls. Thus, increased vascular smooth muscle responsiveness does not appear to play a role in the increased vasoconstriction to norepinephrine observed in our study.
The second possible mechanism, a downregulation of the vasodilating a2-adrenergic receptors, was investigated with the specific a2-agonist clonidine. 
Conclusions
This study demonstrates that the increased vascular responsiveness to norepinephrine in intact vessels from rats with heart failure is the result of decreased basal nitric oxide release, despite preserved responses to acetylcholine and sodium nitroprusside. The dissociation of basal and stimulated nitric oxide release may play a pathophysiological role at an early stage of heart failure, and further studies will be needed to elucidate the significance of these findings for patients with CHF.
